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ABSTRACT
A new generation of cosmological experiments will spectroscopically detect the Hα line
from emission-line galaxies (ELGs) at optical/near-infrared frequencies. Other emis-
sion lines will also be present, which may come from the same Hα sample or constitute
a new galaxy sample altogether. Our goal is to assess the value, for cosmological in-
vestigation, of galaxies at z & 2 present in Hα galaxy surveys and identifiable by
the highly redshifted ultra-violet and optical lines—namely the Oii line and the Oiii
doublet in combination with the Hβ line. We use state-of-the-art models of luminosity
functions of astrophysical spectral lines to estimate the volumetric number density of
Oiii+Hβ and Oii ELGs. We focus on a wavelength range which will be covered by
planned cosmological surveys. We study the constraining power of these high-redshift
galaxy samples on cosmological parameters such as the amplitude of baryon acoustic
oscillations, H(z), DA(z), fσ8(z), and bσ8(z) for different survey designs. We present
a strong science case for extracting the Oiii+Hβ sample, which we consider as an inde-
pendent probe of the Universe in the redshift range 2− 3. Moreover, we show that the
Oii sample can be used to measure the baryon acoustic oscillations and the growth
of structures above z = 3; albeit it may be shot-noise dominated, it will nonethe-
less provide valuable tomographic information. Summarising, we discuss the scientific
potential of a sample of galaxies which, so far, has been mainly considered as a con-
taminant in Hα galaxy surveys. Our findings indicate that planed Hα surveys should
include the extraction of these oxygen-line samples in their pipeline, to enhance their
scientific impact on cosmology.
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1 INTRODUCTION
Emission-line galaxies (ELGs), which are mainly star-
forming galaxies, have UV and optical prominent lines
that we use to determine the redshift of each individual
ELG. Such lines include Lyα (121.6 nm), Oii (372.7 nm and
372.9 nm), Neiii (387.0 nm), Hβ (486.1 nm), the Oiii dou-
blet (495.9 nm and 500.7 nm), Oi (630.0 nm), Nii (654.8 nm
and 658.3 nm), Hα (656.5 nm), Sii (6717 nm and 6731 nm),
and other weaker lines. Hα is the strongest optical emis-
sion line from star-forming galaxies, second only to Lyα in
the UV, and followed by the oxygen lines Oiii and Oii. In
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practice, Nii is nearly indistinguishable from Hα and rep-
resents only a minor contribution to the signal. It is thus
natural to choose Hα when devising cosmological surveys
targeting ELGs. But the Hα line with a rest wavelength of
656.5 nm is quickly redshifted into the near-infrared where
the atmosphere transparency is reduced, drastically dimin-
ishing the number of detectable galaxies from the ground.
For this reason, future optical and near-infrared surveys will
be in space. The three planned surveys are: the Europe-led
ESA’s flagship mission, the Euclid satellite (Laureijs et al.
2011), which will take spectra of millions of ELGs to identify
their redshift; the USA-led NASA WFIRST satellite (Wide
Field Infrared Survey Telescope, Spergel et al. 2015); and an-
other NASA mission called SPHEREx (Spectro-Photometer
for the History of the Universe, Epoch of Reionization, and
c© 2020 The Authors
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Ices Explorer, Dore´ et al. 2014), which will complement the
previous two. The design of the satellites has been optimised
for a wide range of scientific goals, including several trade-
offs between sensitivity, surveyed area, wavelength coverage,
available emission lines from ELGs and so on. This has
resulted into different sky area coverages and wavelength
ranges in the optical and near-infrared bands, with some
overlap among them, which we summarise in Figure 1.
Despite the prominence of the Hα line, other emission
lines are used to identify the redshift of ELGs, as it is al-
ready done by other ground-based spectroscopic galaxy sur-
veys. This has been the case for past surveys such as SDSS
(Strauss et al. 2002), WiggleZ (Blake et al. 2008), GAMA
(Baldry et al. 2010), VIPERS (Scodeggio et al. 2018), and
current surveys such as DESI (Aghamousa et al. 2016).
While SPHEREx will always have a complete set of lines
to fully determine the redshift of a given galaxy, Euclid and
WFIRST will only have a subset of these lines available (see
Figure 1).
Let us take the example of Euclid. Lyα will mainly come
from redshifts well inside the epoch of reionisation and we
expect it to be sufficiently faint, such that it will not sub-
stantially contaminate the sample. But the oxygen lines are
strong and high-z ELGs may contaminate the Hα sample.
Depending on the emitting redshift and experimental reso-
lution, the Oiii doublet, and Hβ will be indistinguishable so
we will bundle them together for simplicity. Even if the ex-
periment provides enough wavelength resolution, these lines
are close enough to be considered as a distinctive sample
that in practice increases the signal-to-noise ratio of detec-
tion. Thus, in the observing window of Euclid, Hα will see
ELGs from z ∈ [0.68, 2.05], Oiii+Hβ will see them in the
range z ∈ [1.20, 3.11], and Oii in the interval z ∈ [1.95, 4.37].
Hence, it is clear that for the same wavelength coverage
one will observe low-redshift Hα emitters as well as high-
redshift galaxies identifiable by Oiii+Hβ and/or Oii lines.
The presence of these secondary samples is well known,
including the fact that high redshift galaxies can be be
misidentified for Hα emitters (and vice-versa). Line misiden-
tification has already been pointed out by Addison et al.
(2019) (see also Grasshorn Gebhardt et al. 2019), where
they used the anisotropic power spectrum method (Gong
et al. 2014) to estimate how the contaminated power spec-
trum changes for a given ratio of misidentified galaxies. But
misidentification will not happen for all high-z galaxies and,
in principle, one will be able to constitute samples of galaxies
identifiable by other lines. In fact, WFIRST plans to con-
strain the BAO scale in the redshift range 2 < z < 3 using
a sample of galaxies identifiable by their Oiii emission lines
(Spergel et al. 2015). Grasshorn Gebhardt et al. (2019) also
consider the Oiii sample centred at z = 2.32 contaminated
by the low-z Hα sample. Addison et al. (2019) took a sim-
ilar approach for a Oiii sample centred in z = 1.9 from a
Euclid-like survey. Although the last two works focus on the
effects of line contamination, both of them neglect the po-
tential contamination from Oii galaxies coming from even
higher redshifts.
But these works indicate the merit of looking for higher
redshift star-forming ELGs using oxygen emission lines. Here
we will take a step back and reinterpret these ‘interlopers’
as an independent secondary galaxy samples, which we will
use as a cosmological probe. We assume that one can clearly
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Figure 1. Redshift of different emission lines as a function of
the observed wavelength. Vertical lines indicate the wavelength
coverage of different experiments: Euclid (black dashed line),
SPHEREx (blue dot-dashed line), and WFIRST (red dotted line).
distinguish between emission lines. Indeed this discrimina-
tion between Oii, Oiii+Hβ, and Hα can be possible using
prior information from a sister photometric survey, as well
as fainter lines such Hβ in the observed spectra. In addition,
when two lines are present in the spectra, one can use prior
knowledge of the line ratios Oii/Oiii and Oiii/Hα to assess
which pair of lines is the most probable one. Hence, in light
of the redshift ranges that each line can probe, one can ask if
we can extend Euclid and WFIRST (excluding SPHEREx)
to cosmological probes of high-z ELGs, and what is the merit
of each individual sample for cosmology in the different red-
shift ranges. Although this possibility was known, we have
not yet found clear studies of their cosmological performance
as tracers of the large-scale cosmic structure at z > 2. A pos-
sible explanation for this is the lack of available observation-
ally calibrated luminosity functions at higher redshifts. Re-
cent results from the High-z Emission Line Survey (HiZELS,
Geach et al. 2008) shed light on the redshift evolution of
ELGs using the Oii and Oiii+Hβ lines (Khostovan et al.
2015). For recent semi-analytical works estimating the num-
ber of ELGs that would be seen using Hα and/or Oiii lines,
see Izquierdo-Villalba et al. (2019) and Zhai et al. (2019).
These updated Schecter luminosity functions allow us
to estimate the number density of observable high redshift
objects for different flux thresholds. Based on these, we will
compute the signal-to-noise ratio of the first multipoles of
the power spectrum for different flux thresholds. Further-
more, we will assess and compare what kind of cosmological
constraints one obtains from different survey areas and flux
thresholds. We will show that the secondary high-z samples
complement the information we obtain from low-z Universe,
and present the case for them to be treated as independent
cosmological samples. In fact, our results indicate that de-
tailed studies of the precise number density estimations are
needed, as well as development of machinery to disentan-
gle the several galaxy samples. These are a requirement for
MNRAS 000, 1–9 (2020)
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Table 1. Best-fit values for the Oiii+Hβ and Oii luminosity functions from Khostovan et al. (2015).
Oiii+Hβ Oii
Redshift 0.84 1.42 2.23 3.24 1.47 2.25 3.34 4.69
log10 φ∗ −2.55+0.04−0.03 −2.61+0.10−0.09 −3.03+0.21−0.26 −3.31+0.09−0.26 −2.25+0.04−0.04 −2.48+0.8−0.09 −3.07+0.63−0.70 −3.69+0.33−0.29
log10 L∗ 41.79
+0.03
−0.05 42.06
+0.06
−0.05 42.66
+0.13
−0.13 42.83
+0.19
−0.17 41.86
+0.03
−0.03 42.34
+0.04
−0.03 42.69
+0.31
−0.23 42.93
+0.18
−0.24
α −1.6 −1.6 −1.6 −1.6 −1.3 −1.3 −1.3 −1.3
proper calculations of the figure of merit of the secondary as
a function of flux threshold and detection efficiency.
The paper is organised as follows: in section 2 we esti-
mate the number of observable ELGs at different redshifts
using simple prescriptions from observationally calibrated
luminosity functions and in section 3 we review the mul-
tipole expansion of the power spectrum. In section 4 we
present our main results such as signal-to-noise ratios for
the high-z ELGs multipole power spectrum and forecasts of
their constraining power. We finish in section 5 discussion
the feasibility and potential of the high redshift ELG sample.
2 THE EXPECTED NUMBER OF ELGS
As already discussed, emission lines other than Hα will be
redshifted within the observable wavelength range of Hα
galaxy surveys. The first natural approach to take is to con-
sider each emission line as an individual sample. But those
samples would have several overlapping galaxies and red-
shifts. For example, the spectrometers of Euclid will work
in the range [1.1µm, 2µm] while WFIRST in the range
[0.7µm, 2µm], as shown in Figure 1. Hence, it is more nat-
ural to break the ELG samples based on redshift ranges,
rather than the line(s) used for the identification of the red-
shift of the host galaxy. We can, therefore, subdivide the
foreseeable ELG samples into three redshift ranges:
• an ELG sample at z . 2 using the Hα line in combina-
tion with other emission lines, which we call the Hα sample;
• an ELG sample in the range 2 . z . 3 using Oiii, Hβ
and Oii mainly, which we will call the Oiii+Hβ sample;
• an ELG sample at 3 . z . 4.3 using Oii (alone or
combined with other NUV lines), which we will call the Oii
sample.
For the purpose of this paper, we will consider each sample
independently and not a single ELG sample.
We will estimate the observed number density of
Oiii+Hβ and Oii galaxies using observationally calibrated
Schecter luminosity functions which have the functional
form,
Φ(L) d
(
L
L∗
)
= φ∗
(
L
L∗
)α
e−L/L∗d
(
L
L∗
)
. (1)
The average comoving volumetric density of a particular
type of sources is given by
nline [gal Mpc
−3] ≡ dNline
dV
=
∫ Lmax/L∗
Lmin/L∗
d
(
L
L∗
)
Φ (L) , (2)
where the minimum luminosity is given by the flux thresh-
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Figure 2. Estimates of the angular number density of ELGs as a
function of redshift of the Hα sample, the Oiii+Hβ sample and the
Oii sample, for a flux threshold of F∗ = 2 × 10−16erg s−1 cm−2.
The estimates were obtained from the Schecter Oiii+Hβ and
Oiiluminosity functions of Khostovan et al. (2015), Schecter Hα
luminosity functions of Sobral et al. (2013), modified Schecter
luminosity function (Model 3) of Pozzetti et al. (2016) and the
results of Zhai et al. (2019).
old F∗, i.e. Lmin(z) = 4pi D2L(z) F∗. Lmin is redshift depen-
dent via the luminosity distance is DL(z) = (1 + z)χ(z),
where χ(z) is the radial comoving distance. The maximum
luminosity, Lmax, can formally be infinite, although in prac-
tice one cuts at a sufficiently large luminosity. This has lit-
tle effect on the final estimate as the luminosity function is
exponentially suppressed. Thus, the observed total surface
number of objects per steradian is given by
dNline
dzdΩ
[gal sr−1] = nline
cD2A
H(z)
, (3)
where the volume factor is given by the comoving angular
diameter distance DA (which for a flat universe is the same
as the comoving distance).
For the Schecter luminosity function one only requires a
set of observationally calibrated parameters {φ∗, L∗, α} for
different lines/types of galaxies. In Table 1, we summarise
the results for the Oiii+Hβ and the Oii samples found by
Khostovan et al. (2015) using HiZELS (Geach et al. 2008).
In Figure 2, we plot the estimates for the angular redshift
distribution of Oiii+Hβ and Oii sources for a experimental
flux threshold of F∗ = 2 × 10−16 erg s−1 cm−2. The shaded
MNRAS 000, 1–9 (2020)
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Figure 3. Same as Figure 2 but for F∗ = 5×10−17erg s−1 cm−2.
areas represent the uncertainties in the number density from
the luminosity function calibration errors. For comparison,
we also include the estimates of the number of Oiii number
of sources from Zhai et al. (2019) using simulations in com-
bination with semi-analytical models. One can see that the
expected numbers of Zhai et al. (2019) are within the shaded
area given by Khostovan et al. (2015), although are system-
atically lower in the deep survey. For completeness, we also
show the estimates for Hα: from Sobral et al. (2013), who
calibrated a Schecter luminosity function using HiZELS;
from Pozzetti et al. (2016), who also calibrated a modified
Schecter luminosity function; and the semi-analytical esti-
mates of Zhai et al. (2019). As expected, there is a hierarchy
of the number of ELGs detected at the same flux limit, as
Oii is known to be weaker than Oiii, and the latter, in turn,
weaker than Hα. In Figure 3, we plot the expected num-
bers but for a flux threshold of F∗ = 5× 10−17erg s−1 cm−2.
Whilst Figure 2 can be regarded as the expected numbers
for a wide survey such as Euclid, Figure 3 can be understood
as the expected numbers in a much deeper survey.
3 O-LINE GALAXY POWER SPECTRUM
AND ITS MULTIPOLES
For any biased tracer (like galaxies) of the underlying cosmic
large-scale structure, the observed Fourier-space power spec-
trum of its number density fluctuations can be expressed as
P (k; z) =
[
b(z) + f(z)µ2
]
Pm(k, z) + Pshot(z) , (4)
where the first term within square brackets is the linear
galaxy bias (assumed to be scale-independent), f(z) is the
growth rate of density perturbations, µ is the cosine of the
angle between the line-of-sight direction and the wave-vector
k, and Pm is the power spectrum of matter density fluctu-
ations, which only depends on k = |k| because of homo-
geneity and isotropy. The last term represents shot noise,
due to galaxy number counts being a Poissonian sampling
of the underlying continuous density field. The first term in
Equation 4, which is the dominant one, is due to density fluc-
tuations, whereas the second is the so-called redshift-space
distortion (RSD) term. Finally, the shot-noise term is sim-
ply given by the inverse of the volumetric number density of
sources of Equation 2, i.e.
Pshot =
1
nline
. (5)
For the rest of this analysis, we shall assume a com-
mon bias prescription (see e.g. Amendola et al. 2013, for Hα
galaxies),
b(z) =
√
1 + z, (6)
since all the galaxies detected through the lines in consider-
ation come from the same ELG sample. Despite this be-
ing a crude approximation, we emphasise that the exact
value of the bias does not affect substantially the results
we present. Moreover, the exact determination of the bias
of the Oiii+Hβ and Oii samples is beyond the scope of this
paper.
Since RSDs induce an anisotropy in the power spectrum
given by the dependence of P on µ, it is better to rewrite
the observed galaxy power spectrum in a Legendre multipole
expansion. Hence, we have
P (k; z) =
∑
`
P`(k; z) L`(µ) , (7)
where L`(µ) are the Legendre polynomials, and the coeffi-
cients P`(k) are uniquely dependent on the modules of the
scale, k. The coefficients of the multipole expansion are then
given by
P`(k; z) =
2`+ 1
2
∫ 1
−1
dµ P (k; z)L`(µ) . (8)
Since P (k; z) is even in µ, and the Legendre Polynomials
have the same parity of its multipole index, only the even
multipoles of the power spectrum are different from zero. It
has been shown that the lowest multipoles carry the bulk of
the cosmological information. Therefore, we will only con-
sider the first three non-zero multipoles, i.e. the monopole
(` = 0), the quadrupole (` = 2), and the hexadecapole
(` = 4). It is easy to show that they read
P0(k; z) =
[
b2(z) +
2
3
b(z)f(z) +
1
5
f2(z)
]
Pm(k, z) , (9)
P2(k; z) =
[
1
3
b(z)f(z) +
4
7
f2(z)
]
Pm(k, z) , (10)
P4(k; z) =
8
35
f2(z)Pm(k, z) . (11)
4 DETECTABILITY OF THE SIGNAL
Here, we explore the detectability of the cosmological sig-
nal at high redshift—namely z ' 2 and beyond—described
above.
4.1 Signal-to-noise ratio
In a given redshift bin zi, we define the signal-to-noise ratio
(SNR) for the power spectrum, neglecting RSDs, as
SNR(zi) =
√√√√∑
j
[
P (kj , µ = 0; zi)
∆P (kj , µ = 0; zi)
]2
, (12)
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Table 2. Cumulative signal-to-noise ratio for the power spectrum multipoles, SNR`, for the various flux thresholds considered in the
paper. Note that these numbers refer to full-sky measurements: to get the value corresponding to a survey covering Asurvey steradians,
it is sufficient to multiply the corresponding number by [Asurvey/(4pi)]1/2.
F∗ Hα Oiii+Hβ Oii
[erg cm−2 s−1] SNR`=0 SNR`=2 SNR`=4 SNR`=0 SNR`=2 SNR`=4 SNR`=0 SNR`=2 SNR`=4
0.5 5.0× 103 4.3× 103 2.3× 103 1.4× 103 1.1× 103 5.4× 102 7.4× 101 5.6× 101 2.7× 101
1.0 4.1× 103 2.5× 103 6.8× 102 1.1× 103 6.4× 103 1.6× 102 6.3× 101 3.5× 101 8.3× 100
2.0 2.7× 103 8.1× 102 5.8× 101 7.6× 102 2.2× 102 1.5× 101 4.4× 101 1.2× 101 7.4× 10−1
3.0 1.9× 103 2.5× 102 5.7× 100 5.3× 102 6.9× 101 1.4× 100 3.1× 101 3.8× 100 7.2× 10−2
where the uncertainty on the measurement of a given mode
is
∆P (kj , µ; zi) '
√
2
Nk(kj , zi)
[P (kj , µ; zi) + Pshot(zi)] . (13)
The number of independent k-modes (omitting the redshift
dependence) on a scale kj , Nk(kj), depends on the vol-
ume of the survey. We follow the standard treatment and
approximate it to be Nk(kj) ' k2j∆kVsurvey/(2pi2), where
∆k = kmin ' 2pi/L and L is the smallest side of the sur-
veyed volume. (Note that another common choice in the lit-
erature is kmin ' 2piV −1/3survey, which, however, overestimates
the constraining power on the largest scales for volumes that
are not perfectly cubic.) Then, if follows that the sampled
scales kj go from kmin + ∆k/2 to (as close as possible to)
kmax with ∆k as a step. We also stress that these quanti-
ties are all redshift-dependent, meaning that in fact we have
kmin(zi), ∆k(zi), and kmax(zi).
To capture better the effect of RSDs, which induce an
anisotropic pattern in the galaxy power spectrum, we also
compute the SNR for Legendre multipoles, which reads
SNR`(zi) =
√√√√[∑
j
P`(kj ; zi)Cov
−1
``′ (kj ; zi)P`′(kj ; zi)
]
`=`′
,
(14)
where we have introduced the covariance of the P`’s, viz.
Cov``′(k; z) =
2
Nk(k, z)
(2`+ 1)(2`′ + 1)
2
∫ 1
−1
dµ [P (k, µ; z)]2 L`(µ)L`′(µ).
(15)
Note that in the Gaussian approximation we adopted, the
multipole covariance is still diagonal both in redshift and in
scale, but it is not in multipole. Finally, the total SNR, for
either power spectrum or Legendre multipoles, is simply the
sum in quadrature of the SNRs in each redshift bin.
In Table 2 we present the cumulative signal-to-noise ra-
tio for the power spectrum multipoles, SNR`, for various
flux thresholds and the three ELG samples considered in
our analysis. For simplicity, we consider a full-sky survey
and note that it is sufficient to rescale the numbers given
in the table by the quantity [Asurvey/(4pi)]
1/2, if one wants
to know the cumulative SNR` of a survey covering a sky
area of Asurvey steradians. This happens because the most
relevant effect of a change in survey area is the rescaling (in
the direction perpendicular to the line of sight) of Vsurvey
in Equation 15—the third dimension, instead, is fixed by
the redshift-bin width. Albeit it is true that when the trans-
verse size of the survey volume becomes smaller than the
radial one, the k-binning also changes because of the redefi-
nition of kmin and, consequently, ∆k; but this effect is largely
subdominant compared to the overall linear dependence of
SNR`(zi) upon [Asurvey/(4pi)]
1/2.
As a take-home message from Table 2, we note all three
Legendre multipoles will be in principle detectable at high
significance (i.e. signal-to-noise ratio larger than 10) even
for the high-redshift Oiii+Hβ and Oii samples. To guide
the reader’s eye, we highlight in the table in light/dark-grey
the pairs of flux thresholds and multipoles for which the cu-
mulative signal-to-noise ratio is smaller than 5 / falls within
5 and 10; in other words, those configurations in which the
statistical power is insufficient / barely sufficient to detect
the signal. In other words, we could be able to detect the
monopole and the quadrupole of the galaxy power spectrum
up to redshift 3 − 4, extending significantly the reach of
the Hα mother survey. This is further explored and clar-
ified in Figure 4, where the same full-sky but, this time,
redshift-dependent SNR`(zi) is shown for the three main
ELG samples. Panels from top to bottom respectively refer
to the monopole, the quadrupole, and the hexadecapole. In
each panel, line colours denote ELG samples (red for Hα,
green for Oiii+Hβ, and blue for Oii), and from top to bot-
tom we show results for flux thresholds F∗ = 0.5, 1.0, 2.0,
and 3.0 erg cm−2 s−1. Light/dark-grey areas denote the re-
gions of limited/no detection, viz. 5 < SNR`(zi) 6 10 and
SNR`(zi) 6 5.
4.2 Estimation of cosmological parameters
In the previous section, we have shown how the cosmolog-
ical signal from Oiii+Hβ and Oii galaxies is in principle
detectable. Now, we move on and discuss its value for cosmo-
logical parameter estimation. To do so, we will now consider
five redshift-dependent cosmological parameters:
• ABAO(zi), i.e. the amplitude of the baryon acoustic os-
cillation (BAO) ‘wiggles’, defined as the amplitude of the
oscillatory feature, fBAO(k), on top of a smooth, broad-
band power spectrum, Psmooth(k), according to Pm(k) =
[1 +ABAOfBAO(k)]Psmooth(k);
• bσ8(zi) ≡ f(zi)D(zi)σ8, i.e. the value of the linear
galaxy bias multiplied by the square root of the overall nor-
MNRAS 000, 1–9 (2020)
6 J. Fonseca & S. Camera
1
10
100
1000
104
SN
R
ℓ=0
1
10
100
1000
SN
R
ℓ=2
Hα
OIII+Hβ
OII
1 2 3 4
0.01
0.10
1
10
z
SN
R
ℓ=4
Figure 4. SNR`(zi) as a function of redshift for the first three
Legendre multipoles of the galaxy power spectrum (red, green,
and blue respectively for the Hα, Oiii+Hβ, and Oii sample). Lines
from top to bottom (and corresponding markers) refer to flux
thresholds F∗ = 0.5, 1.0, 2.0, 3.0 erg cm−2 s−1. Dark- and light-
grey areas denote regions of signal-to-noise ratios below 5 and 10,
respectively.
malisation of the matter power spectrum, σ28 , and the growth
factor, D(z);
• fσ8(zi) ≡ b(zi)D(zi)σ8, i.e. the linear growth rate of
structures, again factorising the redshift-dependent matter
power spectrum normalisation;
• H(zi), i.e. the Hubble factor;
• DA(zi), i.e. the angular diameter distance.
We emphasise that each of the parameters described above
is redshift dependent, meaning that we in fact constrain each
of them separately in each redshift bin, centred in zi.
The aforementioned parameters form a parameter vec-
tor ϑ(zi), for which we construct, in each redshift bin, a
Fisher matrix according to
Fαβ(zi) =
1
2
∫
dµ
∑
j
∂αP (kj , µ; zi)∂βP (kj , µ; zi)
[∆P (kj , µ; zi)]
2 , (16)
where ∂α is a short-hand notation for the partial derivative
taken with respect to ϑα. Hence, the cumulative Fisher ma-
trix, F , is the sum of the F (zi) in each redshift bin. Then,
the marginal error on a parameter ϑα is given by
σϑα =
√
(F−1)αα . (17)
Figure 5 is a multi-panel plot summarising the rel-
ative marginal errors on parameters, σϑα/ϑα, for all the
parameters, the flux thresholds, the ELG samples and
redshift bins, and the sky areas considered. In partic-
ular: each row refer to a specific parameters, namely
{bσ8(zi), H(zi), DA(zi), ABAO(zi)} from top to bottom;
each column refer to a specific flux threshold, i.e. F∗ =
0.5, 1.0, 2.0, 3.0 erg cm−2 s−1 from left to right; red, green,
and blue lines respectively refer to Hα, Oiii+Hβ, and Oii
galaxies; and diamond, triangle, square, and circle markers
refer to (1, 5, 15, 30)× 103 deg2, respectively.
The main conclusion one can draw from this plot is that
not counter-intuitively, sensitivity is possibly more impor-
tant than area for high-redshift observations. This is further
demonstrated in Figure 6, where we focus on the extraction
of RSDs in terms of constraints on the redshift-dependent
quantity fσ8(z). We adopt the same colour code as before
for the various ELG samples, and the two panels show fore-
cast 1σ marginal error bars on measurements of fσ8(zi) in
each redshift bin, for a wide and shallow survey (left panel)
or a narrow and deep survey (right panel). Clearly, mea-
surements extracted from the original target, namely the
Hα-galaxy sample, are optimised for the former survey spec-
ifications, with error bars 28 − 62% tighter than those ob-
tained with the latter experimental configuration. It turns
out that a large area and a relatively larger flux threshold
is also better for RSD estimation from the Oiii+Hβ sample,
with error bars 67−94% smaller than for a narrow and deep
survey. On the other hand, when it comes to the extraction
of cosmological information from redshift 3− 5 Oii galaxies,
it is better to observe as much as thirty times a smaller sky
area, but with twice as deep a survey, which yields fσ8(z)
measurements 38− 25% more constrained.
5 DISCUSSION AND CONCLUSIONS
We have generically used the locution ‘Hα surveys’ for near-
infrared space-based telescopes that will map galaxies posi-
tions in particular sections of the sky. Despite the abuse of
terminology, the Hα line will take a prominent role in the
spectroscopic determination of the redshift of a given de-
tected galaxy. Although the prospects to extend Hα galaxy
surveys up to z ∼ 4 are promising, we assumed that the sam-
ples can be identified unequivocally. This may not be such
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Figure 5. Relative 1σ marginal errors on redshift-dependent parameters {bσ8(z), H(z), DA(z), ABAO(z)} from the clustering of galax-
ies detected through different line emission: Hα in red, Oiii+Hβ in green, and Oii in blue. Circles, squares, triangles, and diamonds
respectively refer to survey areas of 1, 5, 15, and 30 in 103 deg2, whereas the four columns illustrate the dependence of the constraints
on the flux threshold, set to 0.5, 1.0, 2.0, and 3.0 erg cm−2 s−1 from left to right.
a strong assumption as one might think. A full treatment
of line identification is beyond the scope of this paper, but
intuitively there are several ways to disentangle the contri-
butions. For bright enough galaxies with several resolvable
emission lines, misidentification will not be a problem. Even
when only one set of lines is visible, say Hα and Nii (or
Oiii+Hβ), then the line profiles will give an indication of
which is the correct set. In the case of Oiii+Hβ, the spec-
tral resolution R = 380 in combination with the equivalent
width may be enough to identify the Oiii doublet and the Hβ
line separately. Another example of potential line confusion
is when only a pair of strong lines are visible in the spectra.
One might think that it would be Hα and Oiii, but using the
pair separation, the equivalent width, and the ratio of the
fluxes of the lines one can in principle determine if the pair
corresponds to Hα and Oiii, or Oiii and Oii (assuming that
Hβ is non-resolvable). In addition, the photometric sample
combined with the spectroscopic sample can be used to train
classifiers to construct the three different ELG samples pro-
posed here. Thus, instead of removing higher redshift ELGs
from the Hα sample, we propose for them to be consider
as an entire new galaxy sample. It is therefore worth to use
simulated spectra and assess how these different approaches
can provide Oiii+Hβ and Oii samples. On the other hand,
if the confusion limit is too high, and they cannot be disen-
tangled, one has to include the anisotropic power spectrum
in the forward modeling and marginalise for the proportion
of contamination Addison et al. (2019), whilst fitting for the
cosmological parameters.
One may ask what is the scientific merit for cosmology
of these less numerous Hα contaminants. Therefore, we fore-
cast how much information would the Oiii+Hβ and Oii sam-
ple add to the standard set of cosmological parameters. We
have shown that, despite worse constraining power than the
low-z Hα sample, the secondary high-z samples can still pro-
vide percent level constraints on the expansion rate, growth,
and the amplitude of the BAOs. As the Universe is more
linear at higher redshifts, the reconstruction of the BAO
is less demanding. Similarly, non-linearities only affect the
power spectrum at scales smaller than in the late Universe.
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Figure 6. Relative 1σ marginal errors on fσ8(z) from the clustering of galaxies detected through different line emission: Hα in red,
Oiii+Hβ in green, and Oii in blue, for two different surveys: on the left a lower sensitive but wide surveys (30000deg2, F∗ = 2×10−16erg
s−1 cm−2); on the right a narrow but more sensitive survey (1000deg2, F∗ = 1× 10−16erg s−1 cm−2).
In addition to a tomographic study of the BAOs, a careful
identification of the Oiii+Hβ and Oii samples will allow for
better tests of the growth and expansion rate up to a 1/5 of
the size of the Universe. Current constraints from the high-
z post-epoch of reionisation Universe come mainly from the
Lyman-alpha forest (see e.g. McDonald et al. 2006) or its
correlations with Quasars (see e.g. Font-Ribera et al. 2014)
or even its correlations with Damped Lyman-alpha systems
(see e.g. Font-Ribera et al. 2012), although with less con-
straining power. While the Oiii+Hβ sample can give similar
constraints as the Hα sample, the Oii is very sensitive to the
flux threshold of the experiment (as it quickly becomes shot-
noise dominated). Even when the sample is noise dominated,
the potentially large volumes allow for a statistical detection
of the power spectrum. In the case of the Oii galaxy sample,
we presented marginal errors without priors, but in fact we
can put strong priors on H0 and Ωm from other experiments
(including the low redshift results from the same experi-
ment), hence improving the constrains on fσ8 at z > 3.
In this paper we asked ourselves the following question:
given that Hα galaxy surveys can in principle observe higher
redshift ELGs using other emission lines, is it possible to
use those to obtain complementary cosmological constraints
above z > 2? First we used recent state-of-the-art lumi-
nosity functions to estimated the number density of ELGs
detectable using the Oiii+Hβ set of lines and the Oii line.
Despite the uncertainties inherited from the observation-
ally calibrated luminosity functions and the fact that we
assumed full observational efficiency, it seems possible to
have enough detectable galaxies for a signal-dominated mea-
surement. In fact, we saw in Figure 4 that the monopole
cumulative signal-to-noise ratio is well above 5, if not even
10, for the three conceived samples, except for Oii in the
faintest threshold limit. In Figure 5, we showed the trade-
offs between survey area and flux sensitivity, while for Oii is
more sensitive to the flux threshold, Hα is more sensitive to
the total sky area, as expected. Despite the technical details
of future Hα surveys, it is worth to account and identify
Oiii+Hβ and Oii galaxies as they can increase substantially
the overall of cosmological constraining power. More impor-
tantly, these 2 samples will work as an anchor between cos-
mic microwave background and local Universe constraints.
It is therefore crucial to estimate properly the number den-
sities of the secondary samples of Oiii+Hβ and Oii, in order
to have true signal-to-noise estimates and figures-of-merit
for each survey.
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